Extra virgin olive oil lowers postprandial glycaemia. We investigated if oleuropein, a component of extra virgin olive oil, exerts a similar effect on postprandial glycaemia and the underlying mechanism.
Introduction
Observational as well as intervention studies have demonstrated that Mediterranean diet is associated with a lower risk of cardiovascular events [1, 2] . Mediterranean diet is rich in fruits and vegetables, has low content of meat and dairy and includes extra virgin olive oil (EVOO) and a small amount of wine [3] . Recent studies demonstrated that, among the typical nutrients of Mediterranean diet, EVOO possess beneficial effects as documented by reduction of cardiovascular events in patients at risk of atherosclerosis given a Mediterranean diet supplemented with EVOO [1] . Prevention of new onset diabetes has been suggested as a mechanism potentially retarding atherosclerotic progression and its clinical sequelae by EVOO [4] . We and others have recently demonstrated that EVOO has positive effects on postprandial glycaemia, which may have deleterious effects on vascular disease by promoting and/or aggravating the atherosclerotic process [5, 6] . Thus, postprandial glucose has been associated with increased oxidative stress and a higher incidence of cardiovascular events in patients with and without diabetes [7] [8] [9] . EVOO exerts its positive effect on postprandial glycaemia by GPL1-mediated insulin secretion, an effect that is related to downregulation of dipeptidyl-peptidase-4 (DPP-4), an inhibitor of glucagon-like peptide-1 (GLP1) [5] . The beneficial effect on postprandial glycaemia was attributed to its antioxidant property and seemed to be specific for EVOO as supplementing a meal with corn oil did not result in changes of postprandial glycaemia [5] . As this finding would suggest that specific components of EVOO affect postprandial glycaemia, we focused our attention on oleuropein, which is one of the most common active compounds in the leaves of olive tree and consists of hydroxytyrosol (3, 4 0 -dihydroxyphenylethanol, HT), elenolic acid and glucose. Of note, oleuropein possess antioxidant property [10, 11] , which could be implicated in improving postprandial glycaemia by EVOO, but data in humanS are still lacking [5] . Thus, we performed an interventional study to investigate the effects of oleuropein on postprandial glycaemia and Nox2-related oxidative stress in healthy subjects.
Methods

Study population and recruitment
Twenty healthy subjects (10 male and 10 female, age 33.9 ± 6.9 years) gave informed consent to participate in the interventional study, which was performed between July and September 2016 at Policlinico Umberto I -Rome. Clinical and demographics characteristics of HS as well as nutrient lunch are reported in Tables 1 and 2 , respectively.
Study design
The design was a randomized, double blind, placebo controlled, crossover study ( Figure 1 ). Participants were randomized to receive 20 mg oleuropein or 20 mg placebo immediately before lunch. The randomization was carried out by a procedure based on a random numeric sequence. Placebo and active capsules were identical in appearance and both were odourless. The quality control on both capsules was performed confirming their safety. None of the participants were receiving any vitamin or antioxidant supplements, statin or antiplatelet drugs in the month preceding the beginning of the study. Others exclusion criteria were: i) presence of malignancy; ii) presence of chronic inflammatory diseases; iii) alcohol intake; iv) smoking; v) pregnant or breast-feeding; and vi) age <18 years. After a 10 days washout phase, participants crossed over to take the opposite intervention. Participants were assessed at baseline (T0) and 2 h after lunch (T120). Glycaemic profile, which included glucose, insulin, DPP-4 activity and GLP-1 and oxidative stress, which included soluble NADPH oxidase-derived Table 1 Baseline characteristics of healthy subjects
Variables
Healthy subjects (n = 20)
Age (years) 33.9 ± 6.9
Males, n (%) 10 (50) peptide (sNox2-dp), 8-iso-prostaglandin (PGF)2α and platelet p47phox phosphorylation, were analysed before and 2 h after meal. Every blood determination was performed blind. The study was conformed to the declaration of Helsinki and approved by the Ethical Committee of Sapienza University of Rome (No. 509/16).
Serum Nox2
Serum Nox2 activity was measured as sNOX2-dp with an enzyme-linked immunosorbent assay (ELISA) method, which was modified in comparison to that previously reported [12] .
The assay is based on: 1) coating reference standards of known concentrations of sNox2-dp and serum samples (1 μg of protein) into ELISA 96-well plate overnight at 4°C; 2) washing away of unbound materials from samples; 3) addition in each well of anti-sNox2-dp-horseradish peroxidase monoclonal antibody against the amino acidic sequence (224-268) of the extracellular membrane portion of Nox2; and 4) quantitation of immobilized antibody enzyme conjugates by monitoring horseradish peroxidase activities in the presence of the substrate 3,3 0 ,5,5 0 -tetramethylbenzidine. The enzyme activity is measured spectrophotometrically by the increased absorbency at 450 nm after acidification of formed products (2 mol l -1 sulfuric acid). Since the increase in absorbency is directly proportional to the amount of sNox2-dp of the unknown sample, the latter can be derived by interpolation from a reference curve generated in the same assay with reference standards of known concentrations of sNox2-dp (0-200 pg ml -1 ). Values were expressed as pg ml -1 ; intra-assay and interassay coefficients of variation were < 10%.
8-Iso-PGF2α assays
Serum and platelets isoprostanes (8-iso-PGF2α -III) were measured by the enzyme immunoassay method (DRG International) and are expressed as pmol l -1 . Intra-assay and interassay coefficients of variation were < 10%.
Serum glucose and insulin concentration
Glucose and insulin were measured in serum samples using ELISA commercial Kit (Arbor Assay and DRG International, respectively). Glucose values are expressed as mg dl -1 and insulin values as μIU ml -1 . 
Figure 1
Simplified flow chart of the crossover study design
Serum GLP1 concentration
Commercial ELISA Kit (DRG International) was used for the quantitative determination of bioactive GLP1 (7-36) and (9-36) levels in serum. GLP1 values are expressed as pmol l -1 .
DPP-4 activity
DDP-4 activity was evaluated in serum samples by a commercial assay (Sigma Aldrich). In this assay, DPP-4 cleaves a nonfluorescent substrate, H-Gly-Pro-AMC, to release a fluorescent product, 7-amino-4-methyl coumarin. DDP4 activity was expressed as μU ml -1 , where one unit of DPP-4 is the amount of enzyme that will hydrolyse the DPP-4 substrate to yield 1.0 μmole of 7-amino-4-methyl coumarin per min at 37°C.
HPLC analysis of plasma levels of HT
Stock solutions of HT were prepared at a concentration of 1 mg ml -1 in milli-Q water and diluted to 100 μg ml -1 for working stock solution. A stock solution of 3-(4-hydroxyphenyl)-propanol used as internal standard (ISTD) was prepared and diluted to 150 μg ml -1 . Standard solutions were prepared in mobile phase over the range 10-1000 ng ml -1 and ISTD was spiked to achieve a constant concentration of 100 ng ml -1 .
Before analysis, the samples were subjected to β-glucuronidase treatment (an enzyme that has sulfuronidase activity) in order to cleave glucuronide and sulphate moieties.
Sodium acetate (500 μl) and β-glucuronidase (12.5 μl) were added to 500 μl of plasma samples and incubated for 1 h at 37°C. After incubation, samples were extracted with acetonitrile-etylacetate (1:3) and the tubes were mixed at 100 cycles min -1 for 30 min and centrifuged for 5 min at 300 g. The upper layer was removed and was evaporated to dryness. The residue was dissolved in 500 μl of mobile phase and 25 μl were injected into the column and analysed using an Agilent 1200 Infinity series high-performance liquid chromatography system equipped with an Eclipse Plus C18 reversed-phase column (4.6 × 100 mm, 5 μm) and with diode array UV-visible detector. The mobile phase consisted of acetonitrile-milli-Q water (including 2% acetic acid; 15:85, v/v) and pH adjusted to 1.97 with 5.0 mol l -1 hydrochloric acid with a flow rate of 1.2 ml min -1 .
The chromatograms were obtained according to the retention time with detection at 280 nm, at which the absorbance of HT presents a maximum. Peak identification of this compound was carried out by comparison of the retention time and its UV spectra (from 200 to 400 nm) with those of a standard.
In vitro study
Citrated blood samples were taken between 08.00 and 09.00 from healthy subjects who had fasted for at least 12 h. To obtain platelet-rich plasma (PRP), citrated blood samples were centrifuged for 15 minutes at 180 g. To avoid leucocyte contamination, only the top 75% of the PRP was collected according to Pignatelli et al. [11] . Before activation, PRP samples were incubated (20 min at 37°C) with scalar doses of HT (0.25, 0.5, 1 μg ml -1 ). After incubation, samples were treated with arachidonic acid (AA, 0.5 mmol l -1 ; Sigma Aldrich) for 10 minutes at 37°C. Supernatants and pellets were stored at -80°C for analysis of p47 phox phosphorylation and isoprostanes. antibody to phosphoserine (Abcam, Cambridge, UK) or mouse monoclonal anti-β-actin antibody (Santa Cruz Biotechnology, Dallas, TX, USA) and incubated overnight at 4°C. The membranes were then incubated with secondary antibody (Santa Cruz Biotechnology; 1:5000) and the immune complexes were detected by enhanced chemiluminescence substrate. Densitometric analysis of the bands was performed using Image J software.
Sample size
The minimum number of participants to be included in this cross-over study was calculated considering: 1) relevant difference of postprandial sNOX2-dp levels between the two groups (treated with oleuropein vs. placebo; after 120 minutes) ≥12 pg ml -1 ; 2) standard deviations (SDs) homogeneous between the groups (=11) and 3) type I error probability α = 0.05 and power 1 -β = 0.90. The minimum sample size for this crossover study was 20 subjects.
Statistical methods
Categorical variables (such as sex) are reported as counts (percentage) and continuous variables as means ± SD unless otherwise indicated. Independence of categorical variables was tested by chi-square test. Comparisons between groups were carried out by Student t test and were replicated as appropriate with nonparametric tests [Kolmogorov-Smirnov (z) test in case of nonhomogeneous variances as verified by Levene's test]. The cross-over study data were analysed for the assessment of treatment and period effects, by performing a split-plot ANOVA with one between-subject factor (treatment sequence) and two within-subject factors (pre-vs post-treatment). The analysis was performed separately to compare a meal with and without oleuropein. Results were expressed as means ± SD. Bivariate analysis was performed by Spearman rank correlation test. A value of P < 0.05 was considered statistically significant. All analyses were carried out with SPSS V.18.0 (SPSS Statistics v. 18.0, SPSS Inc., Chicago, IL, USA).
Results
Postprandial oxidative stress
Clinical characteristics of the population are reported in Table 1 .
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Baseline blood variables were similar in the two groups (Figure 2 Panels A-C).
A significant difference between the treatments (oleuropein vs placebo) was found with respect to sNox2-dp (F = 38, P < 0.001; Figure 2A ), 8-iso-PGF2α (F = 19, P < 0.001; Figure 2B ), platelet p47 phox phosphorylation (F = 12, P = 0.001; Figure 2C ) and HT (F = 24, P < 0.001) from the ANOVA performed on crossover study data. Data adjusted with sphericity assumed are reported in Table S1 . Compared to baseline, placebo-treated subjects showed increased of sNox2-dp (226%), 8-iso-PGF2α (45%) and platelet p47 phox phosphorylation (212%; Figure 2A -C). Conversely, compared to baseline, oleuropein-treated subjects showed a less increase of sNox2-dp (25%), 8-iso-PGF2α (8%) and platelet p47 phox phosphorylation (42%; Figure 2A -C).
Plasma HT was 0.12 ± 0.02 μg ml -1 at baseline and increased to 1.05 ± 0.52 μg ml -1 in oleuropein-treated subjects; conversely, no HT changes were detected in placebo-treated subjects ( Figure 2D ).
Postprandial glycaemic profile
Baseline blood variables were similar in the two groups ( Figure 3) . A significant difference between meal with oleuropein or placebo was found with respect to glucose (F = 5.8, P = 0.02; Figure 3A ), insulin (F = 7.3, P = 0.01; Figure 3B ), GLP1 (F = 62, P < 0.001; Figure 3C ) and DPP-4 activity (F = 16, P < 0.001; Figure 3D ) from the ANOVA
Figure 2
Effect of oleuropein on oxidative stress biomarkers. sNox2-dp (n = 20; A), 8-iso-PGF2a (n = 20; B), platelet p47 phox phosphorylation (n = 5) densitometry with a representative western blot band (C) and plasma concentration of hydroxytyrosol (D) before (T0) and 2 h after meal (T120) in healthy subjects supplemented with 20 mg oleuropein (black dotted line) or 20 mg placebo (black line; *P < 0.001; **P < 0.05) performed on crossover study data. Data adjusted with sphericity assumed are reported in Table S1 . Compared to baseline, placebo-treated subjects showed increased levels of glucose (16%) and insulin (61%; Figure 3 A,B); conversely, compared to baseline, in subjects given oleuropein, a lower increase of blood glucose (2%) and a more marked increase of blood insulin (116%) was observed ( Figure 3A,B) . Compared to baseline, GLP1 significantly increased in oleuropein-treated subjects (19%) but did not change after placebo (-1%). Furthermore, DPP-4 activity showed a marked increase in placebo-treated subjects (150%) and a lower increase in oleuropein-treated ones (35%; Figure 3C ,D). Change (Δ; expressed by difference of values between before and after treatment) of GLP1 correlated with Δ of DPP-4 activity [Spearman's rho (Rs): -0.558; P < 0.001] and Δ insulin (Rs: 0.330; P < 0.05). Δ of DPP-4 activity correlated with Δ sNox2-dp (Rs: 0.615; P < 0.001), Δ 8-iso-PGF2α (Rs: 0.33; P < 0.05) and Δ platelet p47 phox phosphorylation (Rs: 0.435; P < 0.05).
In vitro study
Platelets from healthy volunteers (n = 3, two male, one female, age 41.3 ± 9.0 years) were incubated with scalar concentrations of HT (0.25-1 μg ml -1 ). These doses were in the same range of blood HT concentration detected in the circulation after oleuropein administration. HT-treated platelets stimulated with collagen showed a dosedependent decrease of p47 phox phosphorylation and 8-iso-PGF2α production compared to untreated platelets ( Figure 4 ).
Discussion
The study provides evidence that oleuropein, a component of EVOO, lowers postprandial glycaemia with a Nox2-mediated mechanism.
There is a growing body of evidence to suggest that postprandial phase is associated with an abrupt formation of reactive oxidant species (ROS), which are implicated in systemic inflammation, endothelial dysfunction and eventually cardiovascular disease [14, 15] . Analysis of Nox2 activity, which is among the most important cellular producer of ROS [16] , allowed us to demonstrate that postprandial formation of ROS was attributable to Nox2 activation and that 10 g EVOO counteracted this phenomenon by downregulating Nox2 activation; this effect seemed to be attributable to specific components of EVOO as corn oil was unable to protect against postprandial oxidative stress [15] .
Figure 3
Effect of oleuropein on glycaemic profile. Blood glucose (A), insulin (B), GLP1 (C), DPP-4 activity (D) before (T0) and 2 h after meal (T120) in healthy subjects (n = 20) supplemented with 20 mg oleuropein (black dotted line) or 20 mg placebo (black line; *P < 0.001; **P < 0.05) EVOO is a source of different phenolic compounds, such as tyrosol, HT and oleuropein [17] [18] [19] [20] . This complex phenol exerts different biological effects; in particular, it has been found that oleuropein is a potent scavenger of oxygen free radicals [11] and nitrogen species [21] and inhibits lowdensity lipoprotein oxidation [22] . Oleuropein is hydrolysed in the digestive system into HT, which is then absorbed in the blood stream. Oleuropein has been identified as the most suitable precursor of HT for incorporation into foods due to its greater stability during digestion and consequently higher bioavailability [23] . According to Servili et al. [24] , 10 g of freshly olive stoning includes approximately 20 mg oleuropein, which was, therefore, administered to healthy subjects to assess if it was responsible for the antioxidant and glycaemic properties of EVOO. In particular, we showed that 20 mg of oleuropein downregulated Nox2 activation, as demonstrated by the reduction of sNox2-dp and platelet p47 phox phosphorylation, the cytosolic subunit of Nox2 that activates the catalytic site after translocation to the cell membrane [23] ; moreover, the reduction of oxidative stress was corroborated by a decreased production of 8-iso-PGF2α. ROS formation during the postprandial phase may have potential deleterious effect on glycaemic metabolism as ROS interfere with incretin production by the gastrointestinal tract. Thus, the incretins GLP1 and GIP are secreted by distal small intestine in response to its stimulation bind receptors in the endocrine pancreas so eliciting insulin secretion and lowering postprandial blood glucose [24] . ROS are important regulator of this phenomenon by activating DPP-4, which rapidly inactivates incretin activity so impairing insulin secretion [25, 26] . Supplementation of a meal with 10 g EVOO had positive effects on postprandial glycaemic profile as it was associated with an increase of incretins coincidentally with a decrease of DPP-4 activity; this led to the suggestion that EVOO behaves as a DPP-4 inhibitor and that EVOO was responsible for improved postprandial glycaemia via an oxidative stress-mediated mechanism and eventually incretin upregulation [5] . Based on this, we investigated if oleuropein shared similar effects on incretins and eventually glycaemic profile. To address this issue, we compared the effect of 20 mg oleuropein vs. placebo on postprandial glycaemic profile of healthy subjects and documented that oleuropein treatment was associated with an average 14 mg dl -1 reduction of glucose. As this effect was coincident with a significant increase of insulin, we speculated that oleuropein could be responsible for incretin upregulation. In accordance
Figure 4
In vitro study. Platelet p47 phox phosphorylation densitometry with a representative western blot band (A) and 8-iso-PGF2α production (B) were evaluated in platelets incubated with scalar dose of hydroxytyrosol (HT, 0.25-1 μg ml -1 ) and stimulated with arachidonic acid (AA, 0.5 mmol l -1 ; n = 3, *P < 0.05) with this, blood activity of GLP1 was increased after oleuropein treatment while DPP-4 activity decreased suggesting that oleuropein might behave as a DDP4 inhibitor via lowering Nox2-derived oxidative stress. To investigate the antioxidant effect observed after oleuropein administration, we measured the circulating levels of HT, which is a result of oleuropein biotransformation in the human body and is characterized by free radical scavenging [27] . Thus, we performed in vitro study using platelets as a cellular source of Nox2-derived ROS and demonstrated that HT-treated platelets stimulated with collagen displayed impaired Nox2-derived oxidative stress as documented by lowered p47 phox phosphorylation and isoprostane production. The study has implications and limitations. The fact that oleuropein reduces postprandial glycaemia provided further insight into the antidiabetic effects by EVOO, which was previously reported to lower the risk of new onset diabetes [1] . The study has been performed in healthy subjects and warrants further investigation in diabetic subjects. The study is also limited by its methodological approach, which precludes analysis of oleuropein efficacy in a long-term follow-up.
In conclusion, oleuropein, a component of EVOO, improves postprandial glycaemia in healthy subjects via an oxidative stress-mediated mechanism. This preliminary report warrants further investigation to see if oleuropein may be a novel candidate for improving glycaemic profile in patients with diabetes mellitus.
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